INTRODUCTION
============

A typical daily life involves carrying out a variety of movements. Movements can be divided into those requiring use of tools and those that do not.[@B1] Food preparation and housework are examples of the former, often requiring the use of kitchen tools and home appliances. Dressing, cleansing and grooming require multi-step sequential actions and at times, fine movements of the upper limb. Needless to say, the ability to perform such actions essential to daily living is integral to one\'s functional independence.

Praxis is defined as the ability to perform such skilled or learned movements. Apraxia refers to the inability to carry out such praxis movements in the absence of elementary motor, sensory or coordination deficits that could serve as the primary cause. Apraxia can be further classified into subtypes such as ideomotor, ideational and limb-kinetic apraxia. This phenomenon is seen in a variety of neurological disorders such as dementia, stroke and Parkinsonism. Prior to the advance in neurophysiology, knowledge on praxis or apraxia relied on clinical observations of human subjects. With recent advances in applications of these methods including noninvasive brain stimulation, knowledge on the subject of apraxia has expanded. Such insight may very likely open up possibilities for the use of neuromodulation as a way to treat this disorder, in conjunction with motor training that has also been attempted as treatment. I aim to provide an overview of apraxia with an emphasis on the neurophysiology involving various brain regions that appear to contribute to human action.

HISTORY, CONCEPTS AND CLASSIFICATION OF APRAXIA
===============================================

Much of the conceptual knowledge of apraxia was established by Hugo Liepmann, a pioneer in the field of cognitive neurology who described this phenomenon in a stroke patient after studying his manual gestures. Liepmann studied a 48-year-old man who had sustained a left hemispheric stroke and found that he was unable to button a shirt or light a cigar, even after the paresis had largely resolved. However, Liepmann noted that the patient was able to carry out spontaneous movements such using a spoon while eating, perform simple gestures on command, or pantomime. He also made the observation that patients with left hemispheric lesions but not those with right hemispheric lesions were unable to perform praxis movements. Along with the observations made in patients with lesions of the corpus callosum, Liepmann concluded that "motor planning" occurred in the motor area of the left hemisphere. He proposed a model of information, specifically a movement formula, flowing anteriorly from posterior brain regions, i.e., the occipital and parietal lobes, to the motor cortex ([Fig. 1](#F1){ref-type="fig"}).[@B2]

Norman Geschwind,[@B3][@B4] a behavioral neurologist, also presented a model for apraxia, which was based on the disconnection of the left premotor cortex and Wernicke\'s area. He proposed that the disruption occurred due to involvement of the superior longitudinal fasciculus connecting these two areas. Other authors have presented similar models of praxis as well.[@B5] More recently, Buxbaum proposed a model involving the left frontal and inferior parietal lobules, where the representations of object identity reside in the ventral stream and spatial body representations in the dorsal system.[@B6][@B7]

Liepmann further classified apraxia into the following major subtypes; ideomotor, ideational and limb-kinetic apraxia. Apraxias have also been viewed with regard to task-specificity; task-specific apraxias such as dressing apraxia, sitting apraxia, apraxia of eyelid opening and apraxia of gait have been noted.[@B8] These task-specific apraxic disorders will be mentioned briefly below.

Ideomotor apraxia is a subtype of apraxia that is commonly seen in patients with stroke or neurodegenerative disorders. It is defined as a disorder of gesture performance upon verbal command, despite having intact knowledge of tasks. For example, the patient might be able to describe how to use a spoon, but not able to demonstrate the actual use. This typically results in the patient failing to pantomime a transitive act ("Show me how you would use a screwdriver"). Ideational apraxia, on the other hand, is characterized by inability to conceptualize a task, despite intact identification of the tools. When presented with a stamp and an envelope, one might be able to name the objects, but unable to demonstrate how to mail an envelope using those objects. In this situation, the examiner finds that the patient is unable to correctly sequence a series of actions required in a specific type of activity. Limb-kinetic apraxia is another major subtype of apraxia that indicates the loss of the ability to make precise, independent but coordinated finger and hand movements, resulting in inaccurate or clumsy movements.[@B9] Examples of tasks requiring fine motor performance including buttoning or coin rotation, the latter of which has been proposed as a test of motor dexterity.[@B10]

Examples of task-specific apraxia include dressing or sitting apraxia, apraxia of eyelid opening and gait apraxia.[@B11][@B12] Apraxia of eyelid opening and apraxia of gait are now more strictly considered to be disorders misclassified as apraxia.[@B13] Apraxia of eyelid opening is characterized as difficulty with voluntary eye opening. One can test for this by having the patient voluntarily close their eyes, and open instantaneously when the examiner shouts "open!" The patient with apraxia of eyelid opening will not be able to open the eyes immediately. This disorder can be misdiagnosed as focal eye dystonia or blepharospasm, conditions where there is forceful eye closure. Apraxia of gait is a somewhat nonspecific term often used to refer to various gait patterns, including gait ignition failure and freezing of gait. The pathophysiology of these disorders is not well understood, although some studies have found brain regions relevant in other types of apraxia to be involved in apraxia of eyelid opening, suggesting that these disorders may share common neural systems.

EVALUATION OF APRAXIA
=====================

Apraxia is seen in various neurological disorders, including stroke and neurodegenerative disorders such as Alzheimer\'s disease, Parkinson\'s disease and atypical Parkinsonism \[common examples are corticobasal syndrome (CBS); previously termed corticobasal degeneration, or progressive supranuclear palsy (PSP)\].[@B1][@B13] In patients with left hemispheric stroke, apraxia has been reported to be prevalent in approximately one-third of this population.[@B14] In clinical practice, it is not uncommon that more than one type of apraxia is present in a single affected patient.[@B15]

Despite the relatively straightforward recognition of apraxia, there is no widely-used, standardized method to evaluate for this phenomenon. To properly identify apraxia, both transitive (movements involving tools) and intransitive (communicative or gestural) movements should be used for evaluation. When errors and problems with accuracy occur, the examiner must carefully analyze the difficulties. Does the patient have intact knowledge of tools and objects in terms of their function? Are there problems with focal or distal limb control? Is the patient able to carry out the correct sequence of actions required for the intended movement? "Body part apraxia" can also be seen in apraxic patients when they are asked to pantomime transitive movements, such as brushing their hair. In this case, the patient will use their hand as a brush itself, and comb their fingers through their hair. This has been presumed to result from a loss of internal representation of tools, and relatively intact intransitive representations.[@B16] Other types of error can occur as well, such as additions, deletions, perseverations, substitutions and lack of a response. Testing of apraxia should be done in both upper limbs, as both can be affected.[@B15] Testing for apraxia in the lower limbs and oro-buccal muscles can be revealing as well.[@B17][@B18] The test of oral and limb apraxia (TOLA) is one suitable for evaluation of apraxia affecting those body regions, but has limitations in terms of ignoring performance when seeing or using tools.[@B15]

Several testing methods for apraxia have been developed to date, most of which are lacking in validity and sensitivity. Most scales are not quick to use and therefore not commonly applied in the clinical setting. The De Renzi ideomotor apraxia test is a 24-item scale tested in patients with left or right brain damage, developed for the assessment of ideomotor apraxia.[@B19] More recently, a comprehensive test termed the test of upper limb apraxia (TULIA) was developed, which includes non-symbolic (meaningless), intransitive (communicative) and transitive (tool-related) gestures.[@B20] This 48-item test was found to have good reliability and validity, and a more concise, bedside 12-item test based on TULIA was further developed (Apraxia Screen of TULIA; AST), shown to have high specificity and sensitivity (Refer to Appendix 2 of <http://jnnp.bmj.com/content/82/4/389.long>).

Such bedside tests may allow for a quick and reliable apraxia assessment, which may be clinically applicable and therefore useful for assessing the severity of ideomotor apraxia. These apraxia tests include tasks involving imitation, which can be disturbed in either left or right brain damage. In left brain damage, imitation of hand postures is often disturbed, whereas imitation of finger or foot postures is disturbed in those with right brain damage.[@B18] There is still a need for tests that test other elements of praxis, such as the actual use of tool and selection of the appropriate task for a given tool, particularly when having more than one to choose from (for example, a knife to cut bread can also be used to stab).

Standardized testing methods for limb-kinetic apraxia are lacking, in comparison to ideomotor apraxia. In addition to having the subject perform buttoning or coin-rotation tasks, limb-kinetic apraxia can be assessed by having one perform a pegboard test. This test is sometimes used in neuropsychological testing, and involves lifting one peg at a time, placing it in a hole, and moving on to the next peg, repeating this action.[@B8]

THE NEUROPHYSIOLOGY OF APRAXIA
==============================

Movement types can be largely classified into transitive movements (i.e., those requiring tools), and intransitive movements which are gestural, which can further be divided into meaningful and meaningless movements. Meaningful movements are those that are communicative, such as waving goodbye, whereas meaningless movements are those that are not representational, such as touching one\'s chin. Patients are often more impaired in the performance of transitive movements, than intransitive ones.[@B21][@B22] As a result, the majority of efforts to probe the neural basis of praxis has been conducted in subjects pantomiming and using tools.

Much of today\'s fundamental knowledge on apraxia is based on classic observations made in clinical practice. As apraxia is present in patients with chronic left hemispheric strokes and Alzheimer\'s disease, these patient populations are often targets of study with regard to this phenomenon.[@B23][@B24][@B25][@B26] Some patients with lesions involving the corpus callosum such as those following a callosotomy, have been noted to be apraxic with regard to the left hand, but not the right. These observations indicate that the left hemisphere is relevant for praxis, and that it may be due to retrieval of representations stored in this hemisphere.[@B15] Patients may also be differentially affected depending on the type of neurological disorder. For example, patients with left hemispheric stroke have been noted to have more difficulties with pantomiming and transitive movements, and less with imitating gestures and intransitive movements. Other studies report that whereas patients with left brain damage appear to have difficulties with tool use but intact knowledge regarding function and gestures, patients with Alzheimer\'s disease show deficits in function and gestures but preserved tool use.[@B26][@B27][@B28]

Praxis movements are complex, involving different aspects of cognition and movement; consequently, several brain regions are considered to be relevant. The conceptual knowledge for actions appears to involve brain regions such as the left premotor, prefrontal, middle temporal and parietal areas.[@B29] Neuroimaging studies such as those using positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) have probed the neural correlates of praxis, with studies widely varying in which aspect of praxis to focus on. Functional neuroimaging studies have shown that the left temporal lobe is involved in retrieval of semantic memory that plays a role in praxis.[@B30][@B31][@B32] Evidence also suggests that the left premotor cortex is also involved in retrieval of knowledge regarding tools and their actions.[@B33][@B34][@B35] The left inferior and/or superior parietal lobule have also been shown to be involved in grasping movements aimed at tools.[@B30][@B36][@B37][@B38] The parietal cortex appears to be relevant in the integration of perceptual spatiotemporal information as well, such as estimating whether two objects of different sizes may collide with each other, or selecting which grasp to use when a particular object can be used in various ways (e.g., knife to stab, or slice bread).[@B37][@B39] Functional imaging studies suggest that there is a stronger left lateralization in posterior parietal and premotor cortices for planning intransitive movements.[@B33][@B40][@B41]

Anatomical studies have further shown interconnections between these praxis-relevant brain regions, such as connections among the supramarginal gyrus with the ventral premotor cortex, inferior frontal gyrus, middle temporal gyrus and intraparietal areas.[@B42][@B43] Moreover, electroencephalography (EEG) studies have confirmed parietal and sensorimotor activity to occur prior to the onset of praxis movements, in contrast with premotor and sensorimotor activity seen prior to simple movements.[@B44][@B45]

Reports on the location of brain lesions in specific subtypes of apraxia are available, allowing one to ponder on the underlying pathophysiology of various major subtypes of apraxia. For example, ideomotor apraxia has been found to occur in left hemispheric stroke patients with injury to the premotor cortex, supplementary motor cortex, inferior parietal lobe or corpus callosum. Relevant brain regions for ideational apraxia, a disorder characterized by difficulty with conceptualization and sequencing deficits, are likely comprised of the left premotor, prefrontal, middle temporal and parietal areas.[@B29] Investigations on patients with limb-kinetic apraxia have found that brain region relevant to grasp, chiefly, the contralateral premotor cortex, is affected.[@B46] Studies on healthy human subjects performing precision grip also complement these findings, supporting the theoretical notion that the contralateral premotor cortex, specifically, the ventral portion, is relevant in the pathophysiology of limb-kinetic apraxia.[@B47][@B48] In essence, the findings obtained from functional, anatomical and neurophysiological studies collectively suggest that the parieto-premotor-frontal network appears to be critical for both preparation and the execution of praxis movements ([Fig. 2](#F2){ref-type="fig"}).[@B49]

Investigation of praxis-relevant brain areas has also been conducted using noninvasive brain stimulation. Disruption of neural activity using repetitive transcranial magnetic stimulation (rTMS) has been found to alter semantic knowledge, an essential component of praxis. In healthy human subjects, low-frequency rTMS (1 Hz for 10 minutes at 120% motor threshold) delivered to the anterior temporal lobe resulted in a category-general impairment (slowed performance for picture naming in both living and nonliving objects), whereas inferior parietal lobule stimulation induced a category-specific deficit for objects (slowed performance for nonliving objects only).[@B50] Therefore, these study results support that brain regions are differentially involved in praxis, and are likely relevant in patients with apraxia who are selectively impaired with regard to category-specific or category-general knowledge. Such patients with sematic impairment have been identified in those with mild cognitive impairment or Alzheimer\'s disease.[@B51][@B52][@B53][@B54]

Apraxia has also been identified in movement disorders where the basal ganglia are involved such as Parkinson\'s disease, CBS and PSP.[@B9][@B17][@B55][@B56][@B57] Even in the early stages of Parkinson\'s disease, difficulty with praxis has been identified, which appear to correlate with an activation shift from left parietal to left frontal areas shown on fMRI.[@B58] The limb-kinetic apraxia found in patients with Parkinson\'s disease appears to be largely independent from bradykinesia or other symptoms, once again indicating that the problem appears to be one concerning dexterity.[@B9] These findings imply that the basal ganglia also play a role in praxis, and that it is not only cortical structures that are involved in this process. CBS and PSP, both types of atypical Parkinsonism, are tauopathies, with pathological cells present mainly in the cortex in CBS and subcortically in PSP.[@B55] In CBS, ideomotor and/or limb-kinetic apraxia have been reported, whereas ideomotor apraxia has been identified in PSP.[@B55][@B56][@B59] These reports support the theoretical notion that both cortical and subcortical brain regions play a role in praxis.

TREATMENT OF APRAXIA: REHABILITATION AND NONINVASIVE BRAIN STIMULATION
======================================================================

To date, there is no standardized treatment for apraxia that is available. Therapeutic efforts have been mostly concentrated in affected stroke patients with or without concomitant aphasia, as the relative frequency of limb apraxia has been reported to be approximately 51% in patients with left hemispheric stroke.[@B60][@B61] In these studies, rehabilitative treatment for apraxia was conducted three times weekly, each lasting 50 minutes and conducted over 30 sessions.[@B60] Treatment for apraxia consisted of a behavioral training program comprised of gesture-production exercises, made up of three sections dedicated to the treatment of gesture with or without symbolic value and related or nonrelated to the use of objects.[@B61] Patients who received treatment for apraxia were found to improve in both praxis and activities of daily living (ADL), compared to patients who received conventional treatment for aphasia. Training comprised of 24 communicative gestures was also used in patients with left hemispheric stroke with severe aphasia, resulting in substantial improvement of practiced gestures, and some improvement of unpracticed gestures.[@B62] However, based on these reports, the sustainability of such improvement is unclear. Therefore, although rehabilitative training involving practical gestures may be useful in the treatment of patients with apraxia, training alone is likely insufficient for sustained benefit.

Noninvasive brain stimulation may be a useful technique to use in combination with rehabilitative training to tackle this difficult disorder. A variety of stimulation methods have been employed for investigational and therapeutic purposes in the field of neurology. Transcranial direct current stimulation (tDCS), single-pulse or rTMS, theta-burst stimulation (TBS) and paired associative stimulation (PAS) are some examples.[@B63][@B64][@B65][@B66] Depending on different stimulation settings, these methods are presumed to work by exerting excitatory or inhibitory influences on cortical plasticity and excitability.[@B67] For example, rTMS can be delivered in either high (≥5 Hz) frequency or low (0.2--1 Hz) frequency, the former of which is considered to work in an excitatory mode and the latter, inhibitory. TBS is also a magnetic stimulation method that has recently gained much interest, as it involves a shorter stimulation period while maintaining equal efficacy.[@B65] tDCS also influences plasticity and cortical excitability, via delivery of a low-level continuous electric current.[@B64] Anodal and cathodal tDCS are thought to work in excitatory and inhibitory ways, respectively. PAS is also used to study and alter cortical plasticity; long-term potentiation (LTP) and long-term depression (LTD), important physiological mechanisms underlying memory, can be achieved using this stimulation technique.[@B65][@B66] By altering cortical plasticity using noninvasive brain stimulation prior to the conduction of rehabilitative training, this synergistic approach may result in increased efficacy and sustainability of treatment effects.

Noninvasive brain stimulation methods have been widely used for treatment of various neurological disorders, but data are scarce on the impact of brain stimulation for cognitive disorders. rTMS has been attempted for the treatment of Alzheimer\'s disease, with a few studies reporting improvement of cognitive function with daily sessions of high-frequency rTMS, but none with low-frequency rTMS.[@B68][@B69][@B70] To date, there are no reports on the effects of rTMS on apraxia. There are however, some studies using tDCS in CBS or left-brain-damaged patients with apraxia.[@B71][@B72] Apraxia is a striking feature in CBS, characterized by asymmetric onset of levodopa-resistant Parkinsonism, where ideomotor apraxia and limb-kinetic apraxia are commonly found. Short-term benefits of anodal tDCS (stimulation parameters: duration of 7 minutes, intensity of 0.08 mA) of the left parietal cortex in CBS patients (*n*=14, mean age=68.9 years) with ideomotor apraxia have been noted, as demonstrated by significant improvement in the De Renzi ideomotor apraxia test scores ([Fig. 3](#F3){ref-type="fig"}).[@B71] However, no significant improvement was found with anodal stimulation of the right parietal cortex in these patients.[@B71] Bolognini et al.[@B72] applied anodal tDCS (stimulation parameters: duration of 10 minutes, intensity of 2 mA) to the left posterior parietal cortex, the right motor cortex and sham stimulation, finding that with stimulation of the left posterior parietal cortex, the time required to perform skilled movements, as well as planning, was reduced in both left hemispheric stroke patients (*n*=6, mean age=72.16 years) and healthy subjects (*n*=6, mean age=66.7 years). They also made the observation that tDCS to the right motor cortex diminished execution times in both groups.

CONCLUSION
==========

Apraxia is a higher-order disorder of sensorimotor integration, commonly seen in neurodegenerative diseases and stroke. Praxis requires multiple aspects of cognition and movement to be brought together; to name a few, appreciation of tools as well as the posture of one\'s body parts with relation to time and space, sequence of necessary actions, and planning of grasp. As a result, key components of praxis that one should test for include the following: performance using tools, performance in a given situation (such as waving hello), and pantomiming to verbal command and imitation.

Despite its apparent subtleness, apraxia has been noted to cause impairment of daily activities.[@B9][@B73] Therefore, while apraxia may not always be immediately evident, it is important to test for as it has been found to have considerable impact on patients\' quality of life.[@B74] Advances in neurophysiological techniques allow investigators to probe specific brain areas and obtain more specific information, in contrast to the clinical setting where it is difficult to properly assess the function of each brain area when multiple regions are lesioned.

Evidence from the aforementioned functional brain imaging studies suggests that praxis requires for appropriate transformation of visual and somatosensory information into movements, such as posture and grasping. Semantic knowledge of objects is also an essential component in praxis. According to the findings of anatomical and functional neuroimaging studies, praxis-relevant brain regions include the left posterior parietal, temporal, premotor and motor cortices. Recent research has focused heavily on the left inferior parietal lobule, which appears to play a role in the storage of motor representations, as well as in semantic memory. Moreover, a left hemisphere parietal-premotor-motor network appears to be activated in praxis, indicating that the deficits found in apraxia are likely due to affected networks rather than a specific brain area.

Although further investigation is warranted, recent studies using noninvasive brain stimulation have confirmed the findings of anatomical and functional neuroimaging studies, once again demonstrating various brain regions to be involved in praxis. These investigations have confirmed, as well as built upon the previously established classical observations and theories of the dorsal-to-ventral stream of information underlying praxis. Future exploration using different methods of noninvasive brain stimulation are necessary to investigate whether praxis-relevant brain areas can be modulated, and possibly serve as potential targets for treatment. Furthermore, complementing the potential therapeutic effects of noninvasive brain stimulation with rehabilitative training comprised of practical gestures may be a synergistic and useful approach for the treatment of apraxia. Most importantly, with increased recognition of apraxia, proper assessment using available scales, and better ways to treat this disorder, we may be able to lessen the amount of disability these patients suffer from by helping them to ultimately gain functional independence.
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![Reproduction of Liepmann\'s schema of the motor engram. Adapted from Roby-Brami et al. *Philos Trans R Soc Lond B Biol Sci*2012;367:144-160, with permission of Royal Society Publishing.[@B2] 1: limb-kinetic apraxia, 2: ideomotor apraxia, 3: ideational apraxia, Co.: precentral gyrus, Cp: postcentral gyrus, F. inf.: frontal lobe, inferior, F. med.: frontal lobe, middle, F. sup.: frontal lobe, superior, G.sm.: supramarginal gyrus, O.m.: occipital lobe, medial, O.s.: occipital lobe, superior.](jcn-13-317-g001){#F1}

![Spatial plots for simple movement (A) and tool use movement (B). The beginning of the Bereitschaftspotentials (BPs), or movement-related cortical potentials, are seen to occur in bilateral sensorimotor areas in simple movement, while it is seen to begin in the left parietal area in tool pantomime. Adapted from Wheaton et al. Clinical Neurophysiology 2005;116:1382-1390, with permission of Springer.[@B49]](jcn-13-317-g002){#F2}

![Study design of tDCS in patients with corticobasal syndrome. The study was conducted in a randomized, double-blind fashion. All patients were randomly subjected to three types of stimulation over two sessions. A: tDCS of the left parietal cortex, right parietal cortex and placebo tDCS. B: The De Renzi ideomotor apraxia test was conducted to assess limb apraxia prior to and following each stimulation session. Adapted from Bianchi et al. European Journal of Neurology 2015;22: 1317-1322, with permission of Wiley.[@B71] tDCS: transcranial direct current stimulation, PARC: parietal cortex.](jcn-13-317-g003){#F3}
